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correspondingly. Within QCD parton model approach extracted asymmetries are giving access to
the specific convolutions of certain transverse-momentum-dependent twist-2 and higher twist par-
ton distribution functions and fragmentation functions. In order to access different features of the
involved distributions, the asymmetries are extracted as functions of different kinematic variables
for both positive and negative single-hadron productions. The significant amount of collected
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compared with previous measurements performed by HERMES experiment and with available
model predictions.
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1. Introduction
Within QCD, quark transverse-momentum-dependent (TMD) parton distribution functions
(PDFs) play an important role in the theoretical description of high energy reactions providing
a three-dimensional picture of a fast moving nucleon in momentum space. Recent decades were
marked by strong interest and significant progress in both theoretical and experimental studies of
spin-(in)dependent TMD PDFs, for recent reviews see Refs. [1, 2, 3]. In QCD parton model ap-
proach at leading order (LO) the spin and quark-transverse-momentum structure of the nucleon is
fully described by eight twist-2 TMD PDFs [4, 5]. Going beyond the leading order approxima-
tion, sixteen twist-3 PDFs related to quark-gluon correlations have to be introduced already at the
first sub-leading accuracy level [5]. The whole set of leading- and subleading-twist TMD PDFs
of the nucleon can be accessed through measurement of the spin (in)dependent azimuthal asym-
metries, arising in semi-inclusive hadron production in deep-inelastic lepton-nucleon scattering,
`N→ `′ hX (hereafter referred to as SIDIS).
When applying the TMD factorisation [6] for the SIDIS cross sections, asymmetries are in-
terpreted as convolutions of different TMD PDFs and quark fragmentation functions (FFs) which
describe (un)polarized quark fragmentation mechanisms. In the gamma-nucleon system (γ∗N)
adopted in this Letter, the general expression for the cross section of unpolarized-hadron production
in polarized-lepton SIDIS off a polarized nucleon contains three target spin independent, four lon-
gitudinal and eight transverse target-polarization-dependent modulations in the azimuthal angles of
the produced hadron and that of the target spin vector [4, 5]. Schematic view of the γ∗N coordinate
system is presented in Fig. 1 for the case when nucleon is polarized longitudinally w.r.t. the beam.
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Figure 1: The SIDIS process framework
and definition of azimuthal angle φh.
It is a right-handed coordinate system defined by the
virtual photon direction (z axis), lepton transverse (w.r.t
the z-axis) momentum direction (x axis), and respec-
tive normal vector (y axis). Symbols l, l′ and q rep-
resent the four-momenta of the incident and outgoing
leptons and virtual photon (γ∗), respectively, while vec-
tors p and pT denote the momentum and the transverse
momentum of the produced hadron h. The angle φh de-
fines the azimuthal orientation of the hadron momen-
tum with respect to the lepton scattering plane calcu-
lated about the virtual-photon momentum direction. In
the introduced framework, SL (ST ) is the longitudinal (transverse) component of the target polar-
ization vector S, while PL stands for the longitudinal component of the target polarization w.r.t. the
beam direction.
Choosing the virtual-photon momentum as a reference for definition of the target polarization
is a natural basis for theoretical description of γ∗N sub-processes. Another reference is the lep-
ton beam direction (`-axis) which is more relevant from the experimental point of view since the
target is usually polarized longitudinally or transversely w.r.t. the beam axis. The values longitu-
dinal and transverse w.r.t. `-axis polarizations are defined by the experimental setup, whereas SL
and ST depend on the orientation of the virtual photon, hence on the kinematics of each individ-
ual DIS event. As shown in Fig. 1, the two polarization definitions are related via rotation by the
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angle θ , the polar angle between the incoming beam direction and the virtual photon direction.
As a result, for arbitrary target polarization with respect to the incoming beam direction, the po-
larization vector defined with respect to the virtual photon direction will have both transverse and
longitudinal components (see e.g. Fig. 1). This means that target `-axis polarization asymmetries
(`-asymmetries) measured in experiment also contain a mixture of contributions from both γ∗-axis
polarization components (γ∗-asymmetries). In the discussed case when the target is polarized lon-
gitudinally w.r.t. incoming lepton, the transverse spin component lies in the lepton-scattering plane
leading to φS = 0, or φS = pi (depending on the target polarization direction) and is given by the
relation ST cosφS = −sinθPL. Using standard SIDIS notations [4, 5] the angle θ is given by the
relation, sinθ = γ
√
1−y− 14 y2γ2
1+γ2 , where ε = (1− y− 14 γ2y2)/(1− y+ 12 y2 + 14 γ2y2) is the ratio of
longitudinal and transverse photon fluxes and γ = 2Mx/Q. In COMPASS kinematics sinθ is small
(〈sinθ〉 ≈ 0.04, sinθ < 0.15) and thus the ST component is kinematically suppressed.
Following general considerations the SIDIS cross section for γ∗N-system and longitudinally
(w.r.t. lepton beam) polarized target can be written in a following model-independent way [4, 5, 7]:
dσ
dxdydzpTdpTdφh
∝ (FUU,T + εFUU,L)
{
1+PL− independent azimuthal asymmetries
+PL
[√
2ε (1+ ε)AsinφhUL` sinφh+ εA
sin2φh
UL` sin2φh− A
sin3φh
UL` sin3φh
]
(1.1)
+PLλ
[√
1− ε2ALL` +
√
2ε (1− ε)AcosφhLL` cosφh− A
cos2φh
LL` cos2φh
]}
.
Throughout this Letter Aw(φh,φS)XY Z asymmetries are defined as the amplitudes of the corresponding az-
imuthal modulations w(φh,φS) divided by the spin and azimuth-independent part of the SIDIS cross
section, the effective proton polarization1 and corresponding depolarization factor23. Here, the sub-
script X indicates the state of the lepton polarization, λ , (either U-unpolarised, or L-longitudinal),
while Y stands for the target polarization (L-longitudinal or T-transverse) and Z indicates the ref-
erence axis for the target polarization (` or γ∗4).
The cross section in Eq. 1.1 contains six (one azimuth-independent and five azimuthal) target
longitudinal-spin-dependent asymmetries (LSAs) which is by two more than in the case of the
pure γ∗N cross section [4, 5]. The two extra terms, sin3φh and cos2φh (underlined and marked in
green), arise due to non-vanishing transverse γ∗-axis polarization component. For the same reason
other four `-LSAs have an admixture from specific transverse-spin-dependent asymmetries (TSAs).
Similarly, `-TSAs measured in SIDIS are getting mixed with LSA-contributions. Introducing such
admixtures is a complication for theoretical models and phenomenological global fits which operate
with pure γ∗N-inputs. However, the experiments performing `-asymmetry measurements with both
longitudinal and transverse target polarization can provide direct access to γ∗-LSAs and TSAs. For
instance, using the following transformation [7]:
AL` ≈ ALγ∗ −C(ε,θ)AT ` (1.2)
1effective polarization includes the dilution factor f which describes the fraction of polarizable material in the target
2in Eq. 1.1 depolarization factors are the ε-dependent coefficients standing in front of the asymmetries
3the double-spin asymmetries in addition are corrected for the beam polarization
4for simplicity Z = γ∗ labeling of γ∗-LSAs in most of the cases is omitted both in the text and in the plots
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allows to reconstruct γ∗-LSAs combining the information from measured `-LSAs and `-TSAs.
Following this structure, Table 1 lists for each measured `-LSAs from Eq. 1.1 corresponding γ∗-
LSAs, C(ε,θ) mixing coefficients and `-TSA admixtures.
AL` ALγ∗ C(ε,θ) AT `
AsinφhUL` A
sinφh
UL
sinθ 1√
2ε(1+ε)
Asin(φh−φs)UT `
sinθ ε√
2ε(1+ε)
Asin(φh+φs−pi)UT `
Asin2φhUL` A
sin2φh
UL sinθ
√
2ε(1+ε)
ε A
sin(2φh−φs)
UT `
Asin3φhUL` - sinθ A
sin(3φh−φs)
UT `
AcosφhLL` A
cosφh
LL sinθ
√
(1−ε2)√
2ε(1−ε) A
cos(φh−φs)
LT `
ALL` ALL sinθ
√
2ε(1−ε)√
(1−ε2) A
cosφs
LT `
Acos2φhLL` - sinθ A
cos(2φh−φs)
LT `
Table 1: List of LSAs, their TSA-admixtures and C(ε,θ)-factors.
The Asin(2φh)UL is the only azimuthal LSA arising in the SIDIS cross section at leading order
5.
It gives access to the convolution of so far unknown h⊥q1L TMD PDF, which describes transversely
polarized quarks in the longitudinally polarized nucleon, and the extensively studied Collins frag-
mentation function, H⊥h1q [2, 3]. Following Eq. 1.2, the pure γ
∗-LSA can be extracted by correct-
ing measured asymmetry for the TSA-admixture, which in this case is represented by Asin(2φh−φs)UT `
subleading-twist asymmetry scaled by C(ε,θ) = sinθ
√
2ε(1+ε)
ε coefficient (see Table 1).
The next two azimuthal LSAs, Asin(φh)UL and A
cos(φh)
LL , enter the cross-section at subleading level
(additional dynamic Q−1 suppression). Both asymmetries are mixed with LO TSAs. The Asin(φh)UL
is mixed with Asin(φh−φs)UT ` (Sivers) and A
sin(φh+φs−pi)
UT ` (Collins) TSAs, while A
cos(φh)
LL LSA is getting
admixture from Acos(φh−φs)LT ` asymmetry.
At the twist-3 level polarized structure functions associated to these two LSAs include four in-
dividual contributions given by couplings of specific twist-2 and twist-3 PDFs and FFs [5]. Keeping
only the contributions involving twist-2 FFs, the Asin(φh)UL asymmetry is described by a combination
of two such couplings: xhqL⊗H⊥h1q and x f⊥qL ⊗Dh1q, where Dh1q is the ordinary fragmentation func-
tion. The x f⊥qL is a T-odd TMD PDF that can be interpreted as the twist-3 analog of the Sivers
function, while xhqL is a chiral-odd PDF which enters in convolution with Collins FF. The contri-
butions coming from both twist-3 PDFs have been recently calculated in two different spectator-
diquark models [8]. Applying the widely adopted simplification known as Wandzura-Wilczek
approximation (WWA) [9] the Asin(φh)UL simplifies to just one twist-2 constituent, h
⊥q
1L ⊗H⊥h1q . The
aforementioned Asin(2φh)UL asymmetry is related to the same convolution and thus the measurement of
these two LSAs can serve as an important contribution for the study of relevant twist-2 and twist-3
PDFs and the general validity of WWA.
5in Eq. 1.1 and Table 1 leading-twist asymmetries are marked in red while the subleading-twist ones in blue
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As for the Acos(φh)LL asymmetry, it is related to the xe
q
L⊗H⊥h1q and xg⊥qL ⊗Dh1q couplings which
within WWA simplify to gq1L⊗Dh1q, where gq1L is the TMD helicity PDF. This allows to link this
LSA to the azimuth-independent ALL LO double-spin asymmetry related to the same g
q
1L⊗Dh1q
convolution. At COMPASS, in particular, we study the hadron transverse momentum pT depen-
dence of ALL LSA. As it was suggested in [10], behaviour of the ALL asymmetry as a function of
pT can be used to disentangle different scenarios of transverse momentum dependence of the g
q
1L
TMD PDF.
The last two LSAs, Asin3φhUL` and A
cos2φh
LL` , are induced due to the non-vanishing target transverse
γ∗-axis polarization component and are identical to sinθ -scaled Asin(3φh−φs)UT ` and A
cos(2φh−φs)
LT ` TSAs.
All aforementioned LSAs have been studied by HERMES and CLAS collaborations with pro-
ton target [11, 12] and by COMPASS experiment on deuteron target [13]. Similar measurements
were done also for the TSAs [14, 15, 16, 17, 18]. In this Letter preliminary COMPASS results
for all six proton longitudinal-spin-dependent asymmetries (four γ∗-LSAs and two `-LSAs) will be
presented. The asymmetries are corrected for TSA-contributions and carefully studied for possi-
ble systematic effects. Obtained results are given in various kinematic representations in order to
provide more detailed input for relevant studies of involved TMD PDFs and FFs.
2. Data analysis
The present study is based on COMPASS data taken during nine weeks of data-taking in 2007
and eleven weeks in 2011 using a naturally polarized µ+-beam of nominal energy of 160 GeV/c
and 200 GeV/c , respectively, and a three celled (30 cm, 60 cm, 30 cm) longitudinally polarized
ammonia target. The data of both years were scrutinized separately by various stability and quality
tests.
In order to ensure the DIS-regime the negative square of the virtual photon’s four momentum,
Q2, is required to fulfill the condition Q2 > 1(GeV/c)2. Contributions from exclusive nucleon
resonance production are suppressed by the restriction on the invariant mass of the γ∗N system,
W > 5GeV/c2. The Bjorken scaling variable is limited to 0.0025 < x < 0.7. Furthermore, the
fractional energy of the virtual photon is limited to 0.1 < y < 0.9. Here, the upper y cut rejects
events, where radiative corrections become not negligible, while the lower y cut removes the elastic
tail and rejects events, where halo or background muons are misidentified as scattered muons.
To ensure a good resolution of the measured angle φh, the transverse component of the mo-
mentum of the hadron is required to satisfy the criteria pT > 0.1GeV/c. The fractional energy
of each hadron is limited to 0.1 < z < 1.0. The asymmetries were extracted for three z intervals:
z> 0.1, z> 0.2 and 0.1 < z< 0.2.
After all cuts there are in total about 108 charged hadrons in range z > 0.1 for 2007 and
0.8 ·108 for 2011. The multidimensional dependences of mean values of important kinematic vari-
ables for charged hadrons for both years are shown in Fig. 2. The different beam energies in 2007
and 2011 explain some relatively small deviations in x, Q2, y, andW . In particular, it is evident that
higher beam energy in 2011 allows to access lower values of x and larger values of W . In general,
variables, considered for the extraction of asymmetries, show comparable values, which allowed to
merge the two samples and to study the asymmetries for combined 2007−2011 data set.
4
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Figure 2: Mean values of kinematic variables in different kinematic bins for 2007 and 2011.
〉
 D
 
〈
10 10
0
0.5
1
1.5
2
h
sin φ
D h
, sin 3φ
h
sin 2φ
D
0.2 0.4 0.6 0.8
0
0.5
1.5
2
h
, cos 2φ
h
φcos
0.5 1 1.5
0
2
6 8 10 12 14 16
0
0.5
1.5
2
2.5
2−10 1−10
x
0
0.5
1.5
2
0
2
0
0.5
1.5
2
2.5
D
〈  f  
〉
0.14
0.16
0.18
0.2
22
2−10 1−10
x
〈  C
 〉
0
0.05
0.1
0.15
0.2
0.25
, Sivers
h
sin φ
A
, Collins
h
sin φ
A
h
cos φ sin 2φ
A h
2−10 1−10
x
A
2.5 0.
〈  D
 〉
0.76
0.78
0.8
0.82
0.84
0.86
COMPASS preliminary
2−10 1−10
x
−/h+
0.88
〈  | λ
|  〉
COMPASS preliminary COMPASS preliminary COMPASS preliminary
−/h+−/h+ −/h+
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All six `-LSAs entering in Eq. 1.1 are extracted in bins of x, z and pT using one-dimensional
"Quadruple Ratio" method [14]. Obtained asymmetries are then corrected for depolarization fac-
tors, dilution factor and target and beam (only double spin LSAs) polarizations. The correction
factors are shown in Fig. 3 as extracted from the data.
Following Eq. 1.2 pure γ∗-LSAs, ALL, A
sin(φh)
UL , A
sin(2φh)
UL and A
cos(φh)
UL have been calculated by
correcting corresponding measured `-LSAs for the appropriate TSA-admixtures
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Figure 4: Asin(φh)UL - transition from `- to γ
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specified in Table 1. The impact of
such transition is shown in Fig. 4 on the
example of the Asin(φh)UL LSA. Measured
and corrected asymmetries are shown to-
gether with the TSA-component which in
this case is given by Sivers and Collins
TSAs [16, 17].
A set of systematic studies has been
performed to test the stability of obtained
results over the time and to identify possible systematic biases via study of various false asymme-
tries. The results of false-asymmetry tests coupled with the outcome of periods compatibility test
and results of the monitoring of the mean values of the asymmetries on period-by-period basis,
have not given any critical indications for any of the periods of the 2007 and 2011 data taking. Fi-
nal results were built combining the asymmetries obtained from 2007 and 2011 taking into account
corresponding statistical and systematic uncertainties.
3. Results and Discussion
The six LSAs that are extracted from COMPASS SIDIS data of 2007 and 2011 in this analysis
are shown in Figs. 5–8. The statistical uncertainties are represented by the error bars and the
systematic uncertainties are indicated by color bands on the bottom (or on the left side, for Fig. 7)
of each plot. The LSAs, ALL, A
sin(φh)
UL , A
sin(2φh)
UL and A
cos(φh)
UL extracted for two different z-ranges
(0.1 < z < 0.2 and z > 0.2) are shown in Fig. 5 as a function of the variables x, z and pT . The
kinematic dependences of the Asin(3φh)UL` and A
cos(2φh)
UL` LSAs are shown separately in the Fig. 6.
Results for all five azimuthal LSAs integrated over the entire kinematic range are shown in Fig. 7.
The two panels correspond to different x-ranges (top panel: full x-range, bottom panel: x> 0.032).
Finally, in Fig. 8 the LSAs obtained by COMPASS (x-dependence only) are superimposed with
available theoretical predictions [10, 19, 20] and the experimental results obtained previously by
the HERMES collaboration [11].
The azimuth-independent ALL asymmetry shown in Fig. 5 (top left panel) as expected exhibits
strong x-dependence well described by models, see Fig. 8. At the same time the z and pT de-
pendences of the LSA appear to be rather flat. As suggested in Ref. [10], flat behaviour of the
ALL as a function of pT could point to the similarity of the average quark transverse motion inside
unpolarized and longitudinally polarized nucleons.
Apart from the well-known large effect for ALL-asymmetry, all other LSAs according to var-
ious model predictions are predicted to be small both at COMPASS and HERMES kinematics,
reaching maximal values of 4-5 percent in the region of large x (x > 0.1) [10, 19, 20]. At COM-
PASS the only azimuthal LSA which exhibits clear non-zero behaviour is the Asin(φh)UL subleading
amplitude. Presented in Fig. 7 mean Asin(φh)UL LSA for positive hadrons is about nine standard de-
viations above zero. This measurement for positive hadrons confirms with much higher precision
the previous non-zero observations made by the HERMES collaboration [11] (see Fig. 8 top right
panel). It worth to note that the effect is expected to be larger at HERMES due to smaller values of
Q in the given x-bin (because of its subleading nature, the Asin(φh)UL LSA is suppressed by Q
−1 pre-
6
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Figure 6: Kinematic dependences of Asin(3φh)
UL`
and Acos(2φh)
UL`
LSAs.
factor). In addition, as one can conclude from Fig. 5, the asymmetry strongly depends on choice
of the z-range. Therefore, the comparison with HERMES results is not straightforward. Finally,
obtained results for Asin(φh)UL appear to be in qualitative agreement with theoretical predictions from
Refs. [8] done for COMPASS kinematics.
The Asin(2φh)UL term is the only azimuthal LSA arising in the SIDIS cross section at leading order
and thus doesn’t suffer from Q−1 suppression-factor. Nevertheless, the asymmetry comes with
kinematic pre-factor which effectively leads to relative ∼ |~pT |-suppression of the effect. At large x
there are some hints for a small and statistically unclear (about 1.5-2 standard deviations away from
zero, see Fig. 7) "mirror-symmetric" effect for oppositely charged hadrons. This agrees with model
calculations [19] predicting small asymmetry with characteristic mirror-symmetric "Collins-like"
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behaviour induced by the presence of the H⊥h1q Collins FF. Corresponding theoretical curves are
presented for comparison in Fig 8 together with HERMES experimental points [11].
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Figure 7: The azimuthal LSAs extracted from COMPASS SIDIS data of 2007 and 2011 are shown for the
overall x range (top) and for x> 0.032 (bottom), after averaging over all other kinematic dependences.
Last genuine azimuthal LSA is the Acos(φh)LL term. The asymmetry appears to be small with no
clear trend observed due to relatively large statistical uncertainties, see Fig. 5. There are several
model predictions available for this asymmetry, all predicting small (less than 4%) effect. Within
the statistical accuracy, COMPASS results are in agreement with theoretical predictions as shown
in Fig. 8 (bottom left panel).
Last two azimuthal LSAs appearing in the SIDIS cross-section arise due to the presence of
non-zero transverse component of the target polarization. Both Asin(3φh)UL` and A
cos(2φh)
LL` LSAs are
found to be small and compatible with zero, see Figs. 6,7.
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Figure 8: The x-dependence of ALL, A
sin(φh)
UL , A
sin(2φh)
UL and A
cos(φh)
UL LSAs. The results from HERMES (re-
scaled by the corresponding D(y) factors) as well as available model predictions [10, 19, 20] are shown for
a comparison.
In this Letter the preliminary COMPASS results of SIDIS measurements of the longitudinal-
spin-dependent asymmetries are presented for the first time. Compared to the similar studies pub-
lished by the HERMES [11] and CLAS [12] collaborations, COMPASS results are characterized
by an unprecedented precision, covering much wider kinematic range. These new data are the best
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currently available input for modelling and theoretical studies of longitudinal spin structure of the
nucleon.
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